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NORMAL-PRESSURE Tl:]STS OF CIRCULAR PLATES WITH CLAMPED EDGES

By Ausert E. McPrERsON, WALTER RaMBEERG, and Saxuen Levy

SUMMARY

A fixrture is described for making mnormal-pressure
tests of flat plates & inches in diameter in which particu-
lar care was taken to obtain rigid clamping at the edges.
Results are given for 19 plates, ranging in thickness from
0015 to 0.072 inch. The center deflections and. the
extreme-fiber stresses at low pressures were found to agree
with theoretical ralues; the center deflections at high
pressures were 4 to 18 percent greater than the theoretical
values. Empirical curves are derived of the pressure for
the beginning of permanent set as a function of the dimen-
#ions of the plate and the tensile properties of the maferial.

INTRODUCTION

The normal-pressure tests of circular plates described
in this report are part of a program of tests of flat
plates under normal pressure that has been carried on,
at the National Bureau of Standards for the Bureau
of Aeronautics, Navy Department, since 1927. This
program was originally intended to study only rectangu-
lar plates of dimensions and materials corresponding
to the plating used in the float bottoms and hull bot-
toms of seaplanes. The ultimate purpose of the tests
wes the derivation of a design formula or chart for
calculating the thickness of bottom plating required
to resist washboarding due to the impact pressure
upon landing on and taking off from rough water.

The pressure required-to produce washboarding was
determined in the laboratory by normal-pressure tests
of a large number of rectangular plates clamped at the
edges and of several plates of which the edges were

free to rotate throughout the test. Results of these

tests will be the subject of & subsequent paper.

A comparison of the observed deformations of the
rectangular plates with the deformations derived from
available theories showed both systematic and irregular
differences. These differences were of sufficient mag-
nitude to make impossible the derivation of a useful and
fairly general relation for the pressure at which wash-
boarding in such plates would become pronounced.
It was not possible to determine from the work on
rectangular plates alone to what degree the differences
were due to a failure to satisfy the theoretical edge
conditions and to what degree they were due to in-

completeness of the theory itself, especially in respec
to giving the stresses in the plate.

It was believed that more nearly ideal clamping con-
ditions could be obtained for circular plates. Further-
more, it was known that the theory of circular plates
with large deflections as developed by Way (reference 1)
would give & rigorous basis of comparison with the
measured stresses.

A careful study of the deformation of circular plates
following Way’s theory in the elastic region, it was
felt, would lead to a better understanding of the mech-
anism of washboarding and might suggest a successful
approach to the tests on rectangular plates.

SPECIMENS

The tests included seven materials as follows (see
also table 1):

24S-RT alclad sluminum-alloy sheets 0.0406 to
0.0632 inch in thickness

17S-RT aluminum-alloy sheets 0.0211 to 0.0723
inch in thickness

17S8-T aluminum alloy sheets 0.0209 to 0.0627 inch
in thickness '

Low-strength aluminum-alloy sheet of unknown com-
position 0.015 inch in thickness _

24S-T aluminum-slioy sheets 0.0149 and 0.0184
inch in thickness

18:8 stainless-steel sheet 0.0199 inch in thickness

EH magnesium-alloy sheet 0.0411 inch in thickness

Al plates had the same diameter for the ecircular
periphery along which they were clamped, that is, 5
inches. The individual plates were identified by letters
A t0 S. (See table 1.)

Tensile properties were determined on coupons cut
both longitudinally and transversely from the sheet
from which the plates had been cut. Pairs of 2-inch

Tuckerman opticel strain gages were used to measure

the strains near the center of the tensile specimens.
Figures 1 to 7 show the resulting tensile stress-strain
curves. The yield strengths (0.002-offset method) ob-
tained from the stress-strain curves are given in table
1. Only the magnesium alloy showed practically the
same tensile properties in g longitudinal and a trans-
verse direction. Thelongitudinal tensile yield strengths
) 269
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for the other materials were from 10 to 26 percent higher

than the transverse tensile yield strengths.

TESTS
LOADING

In the design of the fixture for subjecting circular
plates to normal pressure particular care was taken to
approach the ideal end conditions of rigid clamping
along the periphery of the plate.

A sectional drewing of the fixture is shown in figure
8. A top view is given in figure 9. The plate speci-
men A (fig. 8) forms the top face of & chamber C to
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FIGURK 5,~Tensile stress-straln curves of 248-T sluminum slloy used in plates P
and Q.

which oil pressure is applied through the line D; a
dummy plate B of the same dimensions and of the same
material as the specimen forms the bottom face of the
chamber. Plates A and B are clamped between the

F1oURE 4.—Tensile stress-atrain curves of 178-T aluminum alloy used in plates
L, M, and N and of low-atrength aluminum alloy used in plate 0.

steel rings E and G and the spacer F by forces acting
through the 16 symmetrically placed clamping bars H.
The symmetrical arrangement with two identical plates
A and B serves to minimize rotation about the circum-
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ference of the clamping ring E by the hydrostatic load.
An approximately uniform distribution of clamping
forces acting on the plates was obtained, in & peripheral
direction, by tightening each bolt | acting on the clamp-
ing barsa an approximately equal amount and, in a
radial direction, by letting the clamping bars act cen-
trally through the crown of the clamping rings E and G.
Metal shims K (figs. 8 and 10) twice as thick as the test
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30 plate were placed between the outer end of the clamping
e ‘/,,A bars and the reaction ring L to level the bars H. A
‘> ' e ) series of concentric grooves 0.01 inch deep and spaced
220 L/:: "| 0.05inch were cut in the contact surfaces of the clamping
5 //’0_0"\ . rings E and G and the spacer F to prevent slipping of
g Sgp” "t the plates A and B.
i 4 Direction of rolling An over-all view of the test apparatus is given -in
5 ‘ o Longrtudizal - 1 figure 11. A hydrostatic pressure up to 600 pounds
0 xfmﬁsvef‘sel per square inch could be applied to the plate through
9% Strain ) i tube D by means of the hand pump L. The pressure in

FicURE 7.—Tensile stress-strain curve of EH magnesimn alloy nsed In plate 8.

Fravrx 10.—Measurement of elastic constants of plate fixture. [

the chamber C was mesasured from an independent
pressure line M by a standpipe Y for pressures up to 1
pound per square inch; by the U-tube N for pressures
from 1 to 20 pounds per squere inch, by the Bourdon-
tube gage V for pressures from 20 to 100 pounds per
square inch, and by the Bourdon-tube gage W for pres-
gures from 100 to 300 pounds per square inch. The
error in reading pressure was estimated as less than
0.01 pound per square inch in the case of the standpipe,
less than 0.1 pound per square inch in the case of the
U-tube, and less than 1 pound per square inch in the
| Bourdon-tube gages V and W. Approximate values of
FIauRE 8.—Top view of plate fixture. | pressure above 300 pounds per square inch were ob-
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tained from the Bourdon-tube gage X mounted on the
hand pump.

The loading fixture was proof-tested by subjecting a
pair of 0.06-inch aluminum-alloy plates to a pressure of
600 pounds per square inch. This pressure was suf-
ficient to ‘“dish in” the plates far beyond the elastic
range; nevertheless, there was no sign of slipping at the
edge and there was only a negligible amount of leakage.
The pressure could be maintained with a small amount
of pumping after the creep due to yielding of the plate
had become small.

FIGURE 11.—Plate fixture, pump, and pressure gages,

If slipping is neglected, the principal deviations from
the conditions of an ideally clamped flat plate are prob-
ably due to one of the following effects:

A. The setting up of initial tension (or compression)
i the plate during the clamping in the fixture.

B. The rotation of the clamping rings E and G (fig.
8) as caused by the bending moments set vp at the pe-
riphery of the plate due to the normal pressure.

C. The contraction of the diameter of the clamping
rings by the membrane tension present in the plate
under load.

D. Deviations from flatness at no load.

The effect of the first three deviations from ideal
conditions on the center deflection of the plate is dis-
cussed in appendixes A, B, and C and, on the basis of
these discussions, three “deviation indices’” are derived
for the relative devistion from ideal behavior. Devia-
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tions from flatness are discussed for ihe special case
of initial bowing into a spherical surface in appendix D.

Effect A will cause & decrease in center deflection at
low loads (w,/k<<<1) given approximately by equation
(A7) in appendix A:

2
- Aw—"::)A=1.833(1—pf)%‘, (1u)
where )
Aw,=1w,—W,,
w, center deflection with & uniform membrane tension
o, due to clamping
w,, center deflection for ideal clamping (¢,=0)
E Young’s modulus of plate material
u  Poisson’s ratio of fllate material
a radius of plate
b thickness of plate
Effect A causes a decrease in center deflection of an
elastic circular membrane (that is, circular plate with
large deflections before yielding) given approximately
by equation (A21): '
My _l—po, at
(50,5 B
that is, the effect decreases inversely with the square
of the center deflection.
Effect B will cause an increase in center deflection
given approximately by equation (B10)

(am) - 2
Woo/, 3(1—p*a
where A is the rotation of clamrping ring due to unit
morcent per unit length of clamping edge.

Effect C will cause an increase in center deflection.
If the plate behaves like an elastic membrane, this in-
crease is given approximately by equation (C14)

A_wo.) —Ll hE
Wao 0_3 1—p

(1b)

(14}

(3)

where « is the specific contraction of diameter due to
unit radiel force per unit length along clamped edge.
The effect D will generally cause a change in center
deflection of the plate as an clastic membrane. It has
no effect on the deflection due to bending which pre-
dominates in the Kirchhoff range (w,/h < <1). If the
plate is initially bowed into a spherical surface with
center deflection w,, the increase in deflection as an
elastic membrane (w,/h > > 1) is given approximately
by (D6)
Aw,\ _ 2w 2w v,
W D_— 3w, Bhik

Initial bowing into a spherical surface will have a small
effect on the deflection as an elastic membrane, provided
that the initial center deflection is small compared with
the thickness of the plate. It is believed that this con-
dition was satisfied by most of the plates tested. The
estimated initial center deflection is given in the last

(4}
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column of teble 2. It was less than 10 percent of the
plate thickness except for plates K, M, O, P, and R.
The spring constants A and « are characteristics of
the test fisture. They were determined experimen-
telly as deseribed in appendixes B and C with the result

A=1.3X 1'0-7(1%)

k= 2X 10-(%‘—'

Substitution of these values in equations (2) and (3)

gave the values of (%:ﬁ) and (Aw‘ listed in
0a/ B Wee /€

table 2. The effect on the center deflection is less than
1 percent in everx case. It may be concluded that the
fixture provides a close approximation to rigid clamping.

Two methods were used for computing the relative
increase in center deflection (1a) due to membrane
stresses set up by the clamping procedure. In the case
of plates with thickness above 0.04 inch, the deviation
(1a) was computed as outlined in appendix A (discus-
sion of equation (A22)) from the initial slope of the de-
flection-pressure curve and from the known value qf .

F16URE 12.—Measurement of deflection of plate.

A different procedure was applied for plates of thickness
less than 0.04 inch because accurate values of initial
slope were not aveilable. In the case of these plates,
the effects B and C were neglected and (1a) was taken
as the deviation from the theoretical deflection accord-
ing to Way’s theory for an ideally clamped circular
plate (reference 1). The resulting deviations in the
Kirchhoff range (w,/k < < 1) are shown in the third
column of table 2. They ranged from —48 percent to
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50 percent. The deviation was less than 10 percent for
only 8 of the 19 plates tested. The formuls indicated
an initial tension (Aw,fw,,)a < 0 in 13 plates and an
initial compression (Aw.f1,,), >0 in 3 plates.

DEFLECTION

The déflection of the plates was measured relative to .

the ‘“strain-free” circular reference frame A; (fig. 12)
by means of & dial micrometer B,. The helical plunger
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Fiavex 13.—Change In shape of deflection curve with pressure In the elastic rangs.
Plate M; &, 0.032 In,

spring was removed from the dial so that the forceon _ .

the plate wes little more than the weight of the plunger
and ball-pointed extension. The dial was mounted sa

“that it could be located along any diameter in steps of
%qinch by means of the circumferentially notched bar

H; in the V-notched support |, and indexing rings G,
and G,. The outer ring G, was supported on three
posts Dy, E;, F, that rested on steel balls whose sockets
constituted a point-line-plane support. _

The smallest subdivigion on the diel gage indicated
Hose inch Readings on a given plate could be re-
peated within this value. The error in reading caused
by the faet that the support points of the reference
frame were at D;, E;, and F, (figs. 8 and 12), instead

of at the rim of the plate was estimated by observing

the defiection ot the rim with increesing pressure. A
deflection of less than Xose inch was observed on a

* { 0.050-inch aluminum-alloy plate at a pressure of 300

pounds per square inch.

As the pressure increases, the shape of the deflected
surface changes from that typicel of a heavy clamped
plate with zero slope at the edges to that characteristic
of a thin skin. This transition is brought ouf clearly

in the plot of figure 13 giving the ratio of the measured

deflection to the center deflection for plate M at pres-
sures of 2 and of 30 pounds per square inch.

In the case of most of the circular plates tested only
the variation of center deflection with pressure was

FE R
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measured. After every second or third reading of At low loads the center deflection was found te in-
center deflection, the pressure was reduced to a low | crease directly with the pressure; it increased more
initial value and the permanent set at the center was | slowly as the membrane stresses became important
measured. Figures 14 to 20 show curves of total deflec- | and it approached a linear variation with pressure as
tion and of permanent set at the center obtained in | yielding in the plate became pronounced. The per-

this manner for the 19 plates tested. manent set at the center,increased at an inereasing
B A
/6 AL (‘//‘ K :.J E jv) —"T
: ot
iN ! {..)/ l“,x"" all / I (]j' /G rrx'F x‘/"'d’:r"""‘
$ /2 R e Sl . ;;X - /fﬁ:ﬂamasm plote DA
% A i el - P 0658« | #| E
8 x h=00632., plafe A J/ A i
5 =F 0 o «— . 0504 «——~1-B e v e X : gig_?__:_ E-
Lol 1 e Y s o aahl
§ J }{X N Permarm* sef 53] f%j.:f)//f K, //I Z _ ggff . . “}{-
3 1 . ¥ “
Uwfl/ﬂ A T L LA //55”‘”-"‘"’”:# el | o
s T ” ) 2 5 I P I
gLl zto | B | ] o (e el |
o —L— Za/5 % % ] 2a/500
R /00 | [ | gt 152 e Ot
¢ 40 &80 120 /160 200 240 @ 40 80 120 /60 200 240 280

_ Pressure, [b/sq i
FIGURE 14.—Normal-pressure tests of 248-RT alclad aluminum-alloy plates A, B, FIGURE 15.—Normal-pressare tests of 178-RT sluminum-alloy plates I, E, F, ¢,

and C. H,1,J,0d K,
L 0
/6 /‘ . — o
£ ) M L] .«1/ N .
- |7 - - o
é’" )’/ /// F2 = 0.0627; Vaf T f
. ; oh=0 ., plare
2 f’ o 0a0n Ca wul | f]
G} li= 002089, OfeN
NP 4 p //4 J{ S I O s Pt ¥
E L/ :.—Fbrmmenf set /,/ i f :
. A M v )
o4 g / / // / r ,x/: Permnen{.sef
iy L Zo/z00 L ~ - zaze0
i ~ | LA —1- 2a/500 —4- 2a/5
| o] o [ ] qa
o 40 &0 120 /650 200 2402 © 20 40 60 80 1.9} 120 140
Pressure, b/sg in. - .

FiatrE 16.—Normal-pressure tests of 178-T aluminum-alloy plates L and M. FicUrE 17.—Normal-pressurc tests of 178-T sluminum-alloy plate N and of Jow-
strength aluminum-alley plate Q.

46 o _ Wi .
.E’ %/ | // / N ___J —_—

5 P
8.2 el A 4B /
§ . “)ﬁ ¢ x Fo= Q0411 In, p/aje__.sd
3 | o Rz 0o8Tin, plote B /| |xn=o0bisgin, plote F;
5 : , =]
5 ﬁ/; {" / maqenf sef f / i
O F'erm.! sef _ f’ ’( / | g ’,f Permonert sef ~ |

‘?‘;C/_, [ 3 f /1
; ) z?ﬁs_q _ ] s
0 )7} 30 40 0 40 a0 20 60 o0 4 & A0 B0

Fressure, Ibfsq /.
FIGURE 18.—Normal-pressure tests of 248-T aluminum- FicUrE 19.—Normal-pressure test of 18:8 stalnlm-steel FiGure 20.—Normal-preasure test of EE magnoslum.
alloy plates P and Q. plate R. alloy plate 8.



NORMAI-PRESSURE TESTS OF CIRCULAR PLATES WITH CLAMPED EDGES 275

rate and, except for plates O, P, Q, and R, approached
a straight line that was nearly parallel to the asymptotic
straight line for the total deflection at high pressures.
The intersection of the first straight line with the
horizontal axis defines a pressure that has been sug-

gested by Mr. R. D. MacCart as a convenient measure

of yielding in the plate. 'This pressure is referred to
as the “Navy yield pressure.’”” The permanent set
corresponding to this pressure was found to range from
0.002 to 0.009 inch. The Navy yield pressure was in
no case greater than the pressure corresponding to a
permanent set of X%y the diameter of the plate (0.01in.).
This pressure and the pressure for a set of ¥s the
diameter (0.025 in.) are also given in table 1.

FicUre 21.—Strain measurements on plate M.

STRAIN

Surface strains were measured on the 0.032-inch
17S-T aluminum-alloy plate M with 1-inch Tucker-
man strain gages placed directly on the surface of the
plate (fig. 21). The strain readings were corrected for
the apparent strain due to bowing of the plate between

2
gage points by adding a term %(—f'—) where [ is the gage

length (1 in.) and r is the average radius of curvature
of the plate between gage points (obtained from the
deflection curve of the plate). A derivation of this
correction will be found on page 7 of reference 2.

Figure 22 shows the average radial strain over a
1-inch gage length at & point 1.5 inches from the center
of the plate as a function of the pressure for a diameter
in the direction of rolling and a diameter at right angles
to that direction. The strain in the direction of rolling
was found to be consistently smaller than that across
the direction of rolling; the difference between the two
reached about 5 percent at high pressures.

The surface strains shown in figure 22 are average
values over & gage length of 1 inch, that is, over a

length that was 40 percent of the radius of the plate.
Local values of radial strain on another 0.032-inch
17S-T aluminum-alloy plate M’ were obtained within
the elastic range by measuring average strains on
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Ficrre 22.—Observed strain on plate M under normal pressure. Average values
over & l-inch gage length.

overlapping gage lines and then applying the relations
derived by Greenspan (reference 3) for determining a
function from a set of measured mean values of that
function. C
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FI1GURE 23.—Redial strain fn 175-T aluminum-alloy plate. Plate M’; &, 0.032 in.,
top surface.

Figure 23 shows the distribution of radial surface
strain in the plate for & number of pressures within the
elastic range. The curves show that, with increasing

pressure, the point of inflection marking the transition
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from tensile to compressive strams moves toward the
edge of the plate.

Strains over a 0.1-inch gage length at the center of
the plate-on another 0.032-inch 17S-T plate M’/ were
messured by a Meisse transfer (reference 4) combined
with .a 1-inch Tuckerman strain gage. The results are
shown in figure 24.

Figures 22 and 24 both show that the strain, like the
center deflection, increased at a decreasing rate as the
pressure was increased up to pressures sufficient to
cause considersble yielding of the material; from this
point on the strain increased more rapidly.

ANALYSIS
DEFLECTION

The shape of the curve into which an elastie plate is
deflected by normal pressure changes continuously as
the plate passes from a condition where practicelly all
of the load is carried by bending to one where practically
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Figunr 24.—Radial strain near center on 0.10-Inch gage length of 178-T alaminum
alloy plate. Plate M’/ &, 0.082 in.

all of the load is carried by membrane action. The
ratio w,/h of center deflection w, to plate thickness 2
can be used as a parameter to describe the change in
shape of the deflection curve. If wy/h <<<1 the de-
flection is that for a Kirchhoff plate with clamped edges
(see reference 5, p. 56)

2
sG] ®
while if w,/h>>1 the deflection is that for a thin skin
whose shape is according to Hencky (reference 6), for
p=0.3,

W 73 ré
1—”—0—1 — 0.886?— 0.088

rt 8
F—O'OQUEE_O'OOGEE— cie (8)

The deflection. curves corresponding to these two ox-
treme cases are shown in figure 13, together with ex-

perimental values for a plate without appreciable.

permanent set at the center and with ratios w./h=
0.72, w,/h=3.12.

There will be a further change in the shape of the de-
flection curve as yielding becomes appreciable. If the
yielding is localized near the edge of the plate as in a
relatively thick plate (h/a>>0.025), the shape of the
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deflection curve will approach that of a plate with
freely supported edges (see reference 5, p. 57)

w r? ré

E—l —1 .2455;{-_0.245‘17 (8]
In & very thin plate the yielding will quickly spread
over the entire plate, which will then tend to go into 2
spherlcal surface like 8 membrane under constant ten-
sion. The shape of the deflection curve is given by

w r? (8)

—=1—
w, a
Both these curves are shown in figure 25 together with
experimentat deflection curves for a thick 17S-T
aluminum-alloy plate (k/a=0.0356, w,/h=1.313) and
for a thin plate of the same material (k/a=0.0128,

w,/h=>5.01). Most of the plates tested for the present
LO
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Fioure 25.—8hape of deflection curve with large amount of ylelding.

investigation approached the condition of a8 membrane
described by equation (8) as the pressure was increased.
The relation between center deflection and pressure
for an elastic plate of medium thickness with clamped
edges has been investigated by approximate methods
by a number of authors. N&dai (reference §, p. 297,

equation (57)) derived the relation

w ' 3 pla\t

T"+0.583<}%’) =I6LE‘(E) (1= (9)
by solving the differential equation for a plate with
large deflection subjected to a nearly uniform pressure
distribution. Timoshenko (reference 7, p. 319, equation
(219)) derived

W, ACEE: 4
T+0.4=88<"%) -2 g.(%) (1= ) (10)
on the basis of an assumed radial displacement com-

bined with energy considerations. Federhofer (refer-
ence 8) derived

w,,(19 9u) (1 + 1) (W, 2
[ :o 2 w) 16E(75)(1_“) (11)
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from the differential equation of the problem together
with a suitable assumption for the radiel distribution of
membrane tension. For p=0.3 the coefficient of
(w,/R)® becomes 0.529, which is between the correspond-
ing values of equations (9) and (10). A procedure
anslogous to Féppl’s solution (reference 9, p. 230} for
the center deflection of a rectangular plate (appendix

E) gives
%+o.5ss<%)’=%i”(%)‘(1— )

Boobnov (reference 10} solved the differential equa-
tion of a circular plate of medium thickness with
clamped edges upon the assumption that the mem-
brane tension is constant throughout the plate. An
“exact” solution of the differential equation for =
circular plate with clamped edges was first obtained

(12)

6 i — F 1 T _t T _§t T T
| | o Plate E,h=.0558 .f'n.} Sofid poirifs ‘):'or
Experimental{o = 1,h=.030Cin. permanern
ki { 1 75-RT aluminum sef > 2a/500
5 alloy 1
Timosherko o
» |
-] .;
4 o :
L—] i
W B /%%"-/}"eoeﬁnfer
%_//q,/ Nédlai, Fapp!
3 s L= ADF
ZARE
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| ] /
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o
BIADF
/ Lj
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Fracex 28.—Varlation of elastic-center deflection with pregsure. Theoretical:
A Nhdat, equation (). (Bee reference 5.)
B Timoshenko, equation (10} (Bee referencs 7.)
C Federhofer, equation (11). (See reference 8.)
D Extension of Foppl's method, equation (12). (See reference 9.)
E Boobnov. (See reference 10.)
F Extension of N&dai’s method.
G Way's theory. (BSee reference 1.)

by Way (reference 1). Way’s solution as well as the
approximate solutions (9) to (12) and Boobnov’s solu-
tion are shown graphically in figure 26 for the special
case 1=0.3. The six curves differ from each other
by less than 6 percent. Observed values of center
deflection are shown as open points for pressures at
which the permanent set was less then 1/500 the diame-
ter of the plate and as solid points for greater pressures.

It is seen that the experimental defiections consist-
ently exceed the theoretical values by 4 to 12 percent
for pa*/ER*>15. At low pressures the theoretical
curves and the experimental poinis are in agreement.
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STRESSES

The stresses in a circular plate with clamped edges
under normel pressure have been evaluated from the
theory by Way (reference 1) for center deflections up
to 1.2 times the thickness of the plate. An extension
to greater values of w,/h seemed desirable since some
of the plates tested at the National Bureau of Standards
(for example, plate K) were still nearly elastic, that is,
showed negligible permanent set, at w,/A=4. It was

"decided, sccordingly, to extend Way's solution, but

this extension was not ecarried beyond w./A=1.5 be-

cause of the excessive amount of computation in-

volved.

It appeared necessary to resort to one of the approxi-
mate theories cited in references 5, 7, 8, 9, and 10 in
order to estimate the stresses for w,/A>1.5. Examina-
tion of these approximate theories showed that only
N4dai’s approximate theory gave stresses in close agree-

50— _
o Way's theory fre £ l) /a.
50 / _
e
ok /

Siress ralio
8 8

.
P4 &

%) / g - 3 4 5
Deflection rafio, w;fh

FriveEe 27.—8tresses In a circular flat plate under normal pressure by Nadai’s method
(re[erence 8.
eraat . Freal re @2 . sl

&F gD Erc'Efld’Efl"

ment with the values given by Way’s theory. This
result was to be expected since Nddai’s theory is the
only one of the approximate theories that gives a solu-
tion of the differential equation for a plate with large
deflections. It differs from Way’s solution omly in
assuming & convenient but not quite uniform pressure
distribution while Way solved for a strictly uniform
pressure.

The caleulations by N adai’s theory were accordingly
extended to values of wyfh=4. (At wy/h=4, the as-
sumed pressure deviated from its average value about
25 percent at the center and about 5 percent at the
edge.) The resulting pressure deflection curve is shown
as curve F in figure 26. It agrees with those given by
equations (9} and (12).

The extreme-fiber bendmg '



278

stresses and the median-fiber tensile stresses in & radial
direction for the center of the plate and the edge of the
plate are plotted against the center deflection in figure
27. Itisevident from figure 27 that N&dai’s and Way’s
theories are in good agreement.

The plate with large deflection, just as the Kirchhoff
plate, is most highly stressed along the clamped edge
and the maximum radial stress is about three times as
large as the maximum stress at the center for w,/h=4.
The median-fiber tension at the center exceeds the
extreme-fiber bending stress for w,/A>2. At the edge

the extreme-fiber bending stress is more than five times.

as large as the median-fiber tension even for w,/h=4.

Radial strains e, calculated from the stresses accord-
ing to Way’s theory and according to Nadai’s theory
(fig. 27) by substitution in

e=pgle—pe)

where ¢, is the radial stress and o, the tangential stress,
are compared with measured strains for plates M’ and
M/, in figures 23 and 24. The theoretical strains ex-
ceeded the observed strains for plate M’ and they were
less than the observed strains for plate M’/. The dif-
ferences may be. due to. differences in clamping condi-
tions. Curves of center deflection against pressure
from which such differences could be estimated were
not obtained for these two plates because the strain
gages inferfered with measurement of the center de-
fleetion.,
PERMANENT SET

Theoretical values for the pressure at which permanent
set at the center became noticeable were derived as
follows: It-was assumed that the beginning of perma-
nent set would be associated with yielding either along
the edge of the plate or at the center of the plate and
that this yielding could be computed from the theoreti-
cal stresses upon the assumption of the von Mises-
Hencky theory of plastic failure. According to this
theory (reference 11, p. 73) plastic action will begin
under the action of principal stresses o1, g3, a3 when

(0'1"0'2)"" (0':—0'3)24‘ (‘78_"71)2=2‘772 (13)

where ¢, is the stress at which plastic action begins in
simple tension.
At the edge of the plate

O1== Opgy 03 == 0 = [i 01,03 ==0

(14)

where

dr cxtreme-fiber stress in radial direction at edge of
plate on concave side

o1 oxtreme-fiber stress in tangential direction at cdge
of plate on concave side.

The value of oy must be equal to ps, since the tan-
gential strain (oq{—poy.)/E is assumed to be zero for
perfect clamping. Substitution of equation (14} in
equation (13) gives, with u=0.3,

)
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a,
[ ], )
= ey =1 120, (15)
1t follows that
Tye (1 at
Eh OSQL P (1G)

According to figure 27, %‘ %’ is a'function of the center
deflection ratio w,.fh and hence, nccording to figure 26,

a funciion of the pressure ratio -4 7z_ The resulting

relation bet.ween h’ and T h 77 is plottcd as curve A

to log-log sceles in figures 28, 29, and 30.

The theoretical pressure for yleldmg at the eenter
may be computed in an analogous manner. The
principal stresses in the plane of the plate are equal at
the center so that equation (14} should be replaced by

O1=0yqy 02=Troy 03=0 (17}
where ¢,, is the extreme-fiber stress in & radial direction
at the center of the plate, on the convex side. Sub-
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Ficurx 30.— Relation between g i—: and E;—: for pressure at set 2¢/200.

1o ag

stitution of equation (17) in (13} gives, in place of
equations (15) and (16)
Cre= 0Oy
o, @ __ay, QF (18)
EFER
. . a, a p at
The corresponding relation between E‘L el and A

is shown as curve B in figures 28, 29, and 30.

A compa.rison with the experimental yield pressures
glven in table 1 was made as follows: The stress gy,
that is, the stress at which plastic action begins in ten-
sion, was replaced by the average of the conventional

' tensile yield strength in a longitudinal direction and in
& transverse direction (table 1). The pressure for the
beginning of plastic action 'was replaced by the Navy
yield pressure in figure 28, by the pressure for a set al
the center of 1/500 the diameter in figure 29, and by the
pressure for g set at the center of 1/200 the diameter in
figure 30.

The observed points for the eight 17S-RT plates fall
closely on a single straight line. If the observed points

for the other plates tested are also included, they muay
all be represented approximately by a straight line C
that lies between the theoretical curves for yielding at
the edge (curve A) and yielding at the center (curve B).

Examination of figures 28 to 30 shows that for values

of 7,a% [ER? up to 80 the line C gives the measured Navy
yield pressures within 143 percent, the pressure for a
set at the center of 2a/500 within 34 percent, and the
pressure for a set at the center of 2¢/200 within 42
percent.

A larger scatter was found for the very thin plates
(o, ¢*/ER*>80) in which the initial tension due to clamp-
ing and the deviation from perfect flatness are likely to
be largest. A large scatter is to be expected because of
the use of the tensile yield strength as the parameter
characterizing the beginning of plastic action of the
material in the plate. This resulf leads to a particu-
larly large error in the case of the alelad material, in
which yielding on the surface of the plate may take
place at relatively low pressure, although. the “average”
yield strength as determined by the tensile test may be
relatively high. This view is supported by a compari-
son of tensile yield strengths and pressures for yielding
(table 1) for the 24S—RT alclad plates and the 17S-RT
aluminum-alloy plates. The tensile yield strengths of

the 17S-RT material are about 9 percent lower than.

those of the 24S-RT slclad material and yet the 178~
RT plates have yield pressures that exceed those for
the 24S-RT alclad plates by amounts up to 22 percent.

Another description ofs the experimental data in
figures 28 to 3¢ was obtained by making use of the
experimental result (figs. 31 to 33) that the yielding
began when the center deflection of the plate reached
a value which was roughly independent of the thickness
and of the material of the plate. This value was
about 0.11 inch for the Navy yield pressure (fig. 31),
about 0.12 inch for the pressure corresponding fo & set:
of 1/500 the diameter (fig. 32), and about 0.14 inch for
a set of 1/200 the diameter (fig. 33).
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Fi1cURE 31.—Center deflcction at Navy yield pressure. FiGURE 32.—Center defiection at pressure for sct 2a/600. Fiaurk 33.—Center deflection at pressure for set 227200,
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"The foregoing experimental result may be mathe-
matically expressed by saying that yielding began when
the ratio

%=const (19)

Examination of figure 27 indicated that a relation of
this type should hold approximately at large center
deflections both if the yielding is assumed to begin
when the median-fiber strain at the center reaches a
critical value and when the extreme-fiber bendmg strain
at the edge reaches a critical value.

A relation between yieldinfg pressure and plate thick-
ness may be obtained by inserting equation (19) in
the relation between pressure and center deflection.
This center-deflection relation is, according to- equa-
tions (9) to (12), of the general type

@7 ]

where &, and k; are constants. Elimination of w, from
(19) and (20) gives the desired relation

Fril(@) 4 (2)

where k; and &, are again constants. A determination
of these constants by least squares to give the best fit
to the observed vidlues of p/E gave

(20}

21)

For Navy yield pressure

106—”-.=1.93(100’—‘)+0.274(1002)3 (22)
For pressure at set=2a/500

10°2=2. 78(100h)+0 026(10&") ©3)
For pressure at set=2¢/200

1002, 4?(100")+0 19«:(100 (24)

Equations (22) fo (24) are shown together with the
observed points in figures 34 to 36. The scatter is of

for set 2a/500.

for set 24/200.

the same order as that for the more rational curves
given in figures 28 to 30.

The principal difference between straight lines C in
figures 28 to 30 and the empirical relations (22) to
(24) is that the empirical relations do not involve the
yield_strength of the material. Their applicability to
the present series of plates is explained by the fact
that the strain defined by o,:e/E is roughly constant,
about 0.005, for the materials investigated (table 1),
"The scatter is reduced if the points for plates O and S,
which had values of ¢,/ E of about 0.004, are emitiedl.
It is safer o use the straight lines C (figs. 28 {0 30) in
the cases where o,:e/E differs greatly from 0.005.

The points for plates H, M, O, P, Q, and R that had .
deviation indices greater than 20 percent according Lo
table 2 are labeled in figures 28 to 36 for comparison
with the points for the rest of the plates. It will be
noticed that the scatter of points about a common
curve would have been reduced by leaving these points
ouf of consideration.

«~  APPENDIX A

DEVIATION FROM IDEAL CLAMPING DUE TO INITIAL
TENSION (OR COMPRESSION) IN PLATE

The plate may be in a state of initial tension or com-
pression due to the clamping procedure or due to dif-
ferential expansion as the result of temperature changes.

Initial tension will lower the deflection of the plate
in the Kirchhoff range, that is, at sufficiently low
loads to make w.,/A>>1, by an amount that may be
estimated from Nédai's analysis of a plate under normal
pressure p and under a uniform compression of n units
of force per unit length of circumference. The deftec-
tion at & point a distance r from the center of such a
plate is, according to N&dai (reference 5, p. 255),

e DL 120Jo(ar) — o (aa)]
4_7?{ aad, (aa)

1+~£;} (A1)
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where

p normal pressure

o nfN

N flexurel rigidity of plate [ER}f12(1 —p?)]

E Young's modulus of plate material

i Poisson’s ratio of plate material

k. thickness of plate

and Jp and J; are Bessel functions of the first kind
given by the series expansions

J.,(z)=1—%(§)z+21—[,(§)‘—§11—,<§)°+ ... (A2

x 1 /zV° 1 \*
J*(I)=§|:1_1__><2(§) Jr1><2_><2><3(§) o ] (A3)
Substituting :h

n ‘o

where o, is the initial membrane stress, in (A1) and
carrying out the series expansions (A2) end (A3) leads
to the following approximeate expression for the defiec-
tion in the Kirchhoff region

w——N[(l ’z)= 11—125 495~ a’:)] (A5)

The center deflection is

w,=w(0) —m<1 ;;’Eaﬁ (A6)

If w,, denotes the center defiection In the ideally
clamped plate (n=0) the relative increase in center
defiection due to initial tension isgiven by

AW,\ W Woe a’
)= = o ——18330—) % (A7

The relative inerease in radial bending moment at
the edge of the plate due to the tension n may be cal-
culated from (A5) as follows: The radial bending mo-
ment at any point in the plate is (reference 5, p. 57)

me=—NGE+EL2) @)
Substituting (A5) in this equation gives:
miry=—2 a0+ ) 4B +R) G
[—6u+n+o6+n5-126+05 ] 49
The radiel bending moment at the edge is
—m=—2] 10z 5| a0

and the relative increase in radial bending moment over
the bending moment m,, for an ideally clamped plate
(n=0) becomes

The effect of the initial tension ¢, in decreasing the
center deflection at high pressure for which the plate

approaches the condition of a circular membrane is
given approximately by substituting ¢, in (C4).

2
—ﬁ% - .- (A12)
where _
F=0g+0; (A13)

is the membrane stress in the plate at the deflection
considered, consisting of the membrane stress ¢, due
to the deflection 0, at the center and the initial tension
0. 'The relative increase in center deflection over a
membrane with zero initial tension is then given by

Aw, oy—0 _aa—(auto)
Wao -4 gwt o,

An approximate value for the membrane tension o, is
obtained by considering the membrane to deflect into
a spherical surface. This surface coinecides, for ratios
weje << 1, with the parabolic surface

w=w,<1 —;:—',) (A15)

The bowing will set up an average tensile strain

-1 f “ds—dn=1 f ‘NIFETE—dr

ro=g. Te=g

f (d'“’) ar=2% (a16)

r=0

(A14)

This strain corresponds te an average tensﬂe stress

2 E w? -
I T—a @ (AIT)
In particular
5] < °
o =31 _f_ o C o (ALS)

so that

_”"(w..) B ““[1 +

(A19)

Substitution of this expression in equation (A14), as-
suming that (Aw.f/ws,)? << 1, gives an equation that

may be solved for Aw,jfw,, mth the following result:

Aw, & A
To  Boito -0
Substitution of (A18) in (A20) gives
Aw, 1 T
= T a0 WEps (42D
Ly N

The relative effect of the initial tension on the center
deflection decreases with the inverse square of the
center deflection.

An estimate of n=ch was obtained from the ob-
served initial slope w,/p of the curve of center deflection
against pressure upon the assumption that this slope
would be equal to that for an ideally clamped plate ex-
cept for the correction due to rotation of the clamping
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edges and due to the initial! tension. The initial tension
per unit length » is then from (B16)

72/ +4W_64N£, N)
11\ at p at
where w,/p denotes the measured initial slope of the
curve of center deflection against pressure.

The values of n derived from (A22) were substituted
in (A7) to give the deviation indices (Aw,/w..)s that
are listed in table 2.

(A22)

APPENDIX B

DEVIATION FROM IDEAL CLAMPING DUE TO ROTATION
OF CLAMPING RING.

Rotation of the clamping rings E will have the great-
est percentage effect on the deformation of the plate
at low loads for which the Kirchhoff theory holds.
The effect becomes negligible as the plate approaches
the condition of & membrane at high pressures.

.'The deflection w(r) of a circular plate clamped in
torsionally elastic edges may be considered as the
resultant

w=10,-}w;, (B1)
of the deflection w; of a plate with rigidly clamped
edges (reference 5, pp. 56-57)

=‘L(as__rz)z
and of a plate with simply supported edges

we(7) =54—N%+—,5[(5+n)a‘—2(3+u)a2r’+ ¢l +p.)r‘]
(B3)
where

P partial pressure required to produce deflection w,
Py partial pressure required to produce deflection w,
p total pressure (m -+ .)

. The pressure p, will produce a radial bending moment
m, per unit length of clamping edge:

(B2)

w (T

ma=m,(a)=—L5 (B4
which will cause a rotation of the clamping ring
. 2
Mme=—202 (BS)

where ) is the rotation of clamping ring (radians) due
to unit moment per unit length of clamping edge

The rotation of the clamping ring (B5) must be equal
to the slope of the plate at the clamping edge, which is
from (B1) and (B3)

' 4 s ' _1 . -4
W (@) = @)+ 05 =w'sl0) =~ RSy (BO)
where primes denote differentiation with respect to r.
Setting this expression equal to (B5) gives

pr_(A+u)\WNV

Ot - @
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The. center deflection becomes with (B2} and (B3)

=w(0) =w.(0)|:1 +(_5i::£ﬂ] .

The center deflection w,, for rigid clamping follows
from (B8) with A=0. The relative increasc in center
deflection for a given total pressure p=p,-+p, is, there-
fore,

(B8)

42N
a

— N (B9)
1+ (1+.“)"—

Woo ) ‘wu

for sufficiently small values of A <T<< 1)» this ex-

_pression is approximately

__MER
T3(1—ua

The bending moment, at the edge is from (B4} and
B7)

— laz__L<
- P1+Pz
(14 x)ANJa
’8‘1:1 ENGEmyY/T ] (Bi1)

and the relative increase in bending moment over the
moment m,, for rigid clamping (A=0) is

Aw,\ __4\N
T_Doa B= a

- (B10)

(14 p)M\N/a .
)= W B12)
or for W/a<< 1
(52e) —— 2 ®13)

The spring constant X was determined experimentally
as follows. A pair of relatively thick aluminum-alloy
plates (h=0.0627 in.) were clamped in the test fixture,
A set of small prisms (M, fig 10) were then fastened to
the clamping ring to measure the rotation of the clamp-
ing ring out of & horizontal plane, by means of 2 Tucker-
man autocollimator. Normal pressure was applied to
the plate and both the rotation w’, of the prisms and
the center deflection w, of the plate were measured at a
number of pressures p. The resulting values were
found to increase linearly with the pressure so that a
straight line could be drawn through the points. The
slopes w,fp and w’/,/p of these two straight lines were
used to determine N as follows:

If it is assumed that the plate behaves like a rigidly
clamped Kirchhoff plate excepi for a uniform initial
tension n and a rotation of the end clamps, the slope
of the curve of center deflection against pressure is
given by

Eg= wqa+ (Awo)4+ (Awo)l?

4 4
i0(32),5(2)] o

where (Aw,/w,,)4 denotes the deviation for initial ten-




NORMAL-PRESSURE TESTS OF CIRCULAR PLATES WITH CLAMPED EDGES 283

sion (A7) and (Aw,fw,,)s the deviation for rotation of
the clamping rings (B10). Substituting these devia-
tions together with the center deflection for the clamped

plate (see B2) .
Woa= ﬁ’;‘]‘:, (B15)
gives
W, 11nra? 4
2 64N[1 2N T a (B16)

for the initial slope of the curve of center deflection
against pressure. The initial slope of the curve for
rotation of the clamping rings against pressure is given
by

De L 0_e (B17)

where m, is the radisl bending moment at the edge of

the plate. This expression may be writien in analogy

to equation (B14) as
PG AG] e

where (Am.jm,,) 4 is the relative increase in edge bending
moment due to initial tension given by equation (A11),
and (Am,/m,,,) pis the relative increase due to rotation of
the edges given by equation (Bl2) Substituting these
values in (B18) gives ’

We Mig_ 1 nat -« MV
e 22T+ s+ —a 4+ | B19)

Elimination of # from equations (B16) and (B19) gives
the following equation for i:

Wa_ 64Nw. L 6T+Tk
2= 1+ a1+ T 3
(B20)

Measurements for plate O gave
=0.00250 cu in./Ib and %—'=—10“"' sq in./lb

Subsfitution of these values, together with the con-
stants ¢=2.5 Inches; A=0.0627 inch; E=10.5X10¢
pounds per square inch; and = 1/3 in equa.tlon (B20)
and solving for X gave

A=1.3X10-7(b™)

APPENDIX C

DEVIATION FROM IDEAL CLAMPING DUE TO RADIAL
CONTRACTION OF CLAMPING RING

The clamping ring will contract under the action of
the membrane tension set up in the plate at high pre-
sures, and this contraction will reduce the tension In
the plate and will increase the center deflection corre-
sponding to & given pressure.

An epproximate estimate of this effect was obtained
by replacing the plate by a membrane under uniform
tension, which bulges into a spherical surface with

center deflection w,. The deflection of the membrane
at a distance r from the center is then

w=w,,<1 — 5) (C1)

The curvature of the membrane is
1_dw___ 2w,
&~ e ©2)

For equilibrivm between the uniform tensile stress ¢ in
the plate and the external pressure p (reference 12,
p. 511)

_PR_ pa®

ok dwh - ©3
so‘tha.t the center deflection is given by
w,=LL - (C)
The membrane stress will cause an elastic contraction
of the clamping ring given by _
Gy—a=0xah (C5)

whers « is the specific contraction along the diameter
of the membrane due to unit radial tension per unit
length of clamping edge.

The center deflection 1, for an ideally clamped plate
of thickness & and of radius a, subjected to pressure p
is, according to equation (C4),

a,’

woo —h 4: G (06)

The correction in center deflection is, therefore,

=) (5)- €

The membrane stress ¢ is related to the membrane
strain by

T=r—¢ (C8)

The value of e is given by correcting equation (A16)
for the change in strain rhe due to contraction of the

clamping ring

2 A 2 .
e=§(% —sho (C9)
Substituting (C9) in (C8) and solving for o gives
1 2 w,)
o—i (C10)
chL 1R 1— ;L 3 ]

The stress g, for a rigidiy clamped plate is derived from
(C10) by making «=0. It follows that

—(+ =X 2) (&) (C11)
The ratio a/e, is, from (C5),
aja,=1—«ho (C12)
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Substituting (C11) and (C12) in (C'7), expanding, and
neglecting terms that are small of higher order gives

Aw, E
=
Woo '1—n

B A'w.,
woo

—4«kho (C13)
The last term on the right is negligible compared with
the first term since ¢< < E so that, in first approxima-
tion,

1 Exh
=3 T—n

Aw,

Woe (C14)

An experimental estimate—of x was obtained as fol-
lows: A pair of relatively thin plates (A=0.0209 in.)
was clamped in the fixture. The center defiection w,
of the plate was then measured as a function of the
normal pressure in a range where the plate approxi-
mated & taut membrane (w,>10k, permanent set at
center greater than 4k). The values of w, thus ob-
tained were substituted in (C4) to estimate the mem-
brane stress . The contraction in diameter 2¢,—2a of
the clamping ring due to this membrane stress was
measured by & Tuckerman strain gage (T, fig. 10) with
& 5-inch gage length. Substitution of the measured
values of a,—a and of ¢ in (C5) gave six values of «
ranging from 1.9X107® to 2.2X10~® inch-pound. An
average value k=2X10"% inch-pound, was substituted
in (C14) to obtain the deviation Indices (Aw,/fw,)e
given in table 2.

APPENDIX D

EFFECT OF INITIAL BOWING ON CENTER DEFLECTION
OF CIRCULAR MEMBRANE

Let it be assumed that a membrane of radius ¢ is
bowed into a spherical surface with center deflection ws
at no load. The increase w, in center deflection due to
a normal pressure p is then approximately, according
to equation (A12),

pa?

4ho (D1)

W=
where ¢ is the tensile stress corresponding to the strain e

required to produce the center deflection w,. Aeccording
to equation (A18),

2l (Wt ) (WY _2( WY Wy
E_-?i[ a ) (a)]f—-‘%(a) [H_ZHTJ (D2)
The stress corresp'onding to this strain will be

o= l—u 31 ya’[+2

Substitution of equation (D3) in (D1) and solution for

W, gives .
3(1l—pu) pa4 1 1A
W= 8

1+2

(D3}

(D)
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The corresponding center deflection w,, for an initially
flat membrane would be, with w,=0,

v | _ 3(1_#)}’&‘]”‘

S A7) (D5)

and the increase in center deflestion due to bowing is
Awy wi—wWey_ (1 oW oy 2

Woo  Wao _(1 +2w- ! 3w (D)

Initial bowing into a spherical surface catises a decrease
in center deflection inversely proportional to the center
deflection due to the load and directily proportional to
the initial bowing at the center.

APPENDIX E

APPROXIMATE RELATION BETWEEN CENTER DE-
FLECTION AND PRESSURE (FOLLOWING FOPPL'S
PROCEDURE)

Foppl (reference 9, p. 231) derived an approximate
relation between center deflection and pressure for a
square plate of medium thickness by assuming that the
bending of the plate was proportional to that given by
Kirchhoff’s theory while the extension was proportional -
to that for a membrane, so that the total pressure p
was the sum of the pressure p, resisted by bending and
the pressure p, carried by membrane action

P=ptp (E1)

Applying this procedure to a circular plate gives for the
deflection as e Kirchhoff plate (reference 5, p. 58)

The center deflection for a circular membrane is, ac-
cording to Hencky (reference 6), for p=0.3,

Wo_ ‘pa
5=0.662a %}F

Solving equations (E2) and (E3) for p, and p,, respec-
tively, and substituting in (E1) leads to the desired
relation

(E2)

'_(E:;)

%+0.588(%)'=13—6 %G’;)‘(l —i (B,

NaTIONAL BUREAU OF STANDARDS,
WasninaroN, D. C., October 10, 1941,

REFERENCES

1. Way, Stewart: Bending of Circular Plates with Large
Deflection. A. S. M. E. Trans., APM-56-12, vol. 58,
no. 8, Aug. 19034, pp. 627-636.

2. Ramberg, Walter, McPherson, Albert E., and Levy, Sam:
Experimental Study of Deformation and of Effective
Width in Axially Loaded Sheet-Stringer Pgnels. T. N.
No. 684, NACA, 1939,



~1

10.

11.
. Timoshenko, S.: Strength of Materials. Pt. I and II.

NORMAL-PRESSURE TESTS OF CIRCULAR PLATES WITH CLAMPED EDGES

TABLE 1.—SUMMARY OF NORMAL-PRESSURE TESTS OF RIGIDLY

PLATES 5 INCHES IN DIAMETER

CLAMPED

‘CIRCULAR

. Greenspan, Martin: Approximation to a Function of One

. Meisse, L. A.: Improvement in the Adaptability of the

. Nédai, A.: Elastische Platten.

. Hencky, H.: Uber den Spannungszustand in kreixrunden

. Timoshenko, S.: Vibration Problems in Engineering. D.

. Federhofer, K.: Zur Berechnung der duennen Kreisplatie

. Fappl, Aug., and Féppl, Ludwig: Drang und Zwang. Vol I,

Tensile yield strength Pressure for given set
. Young’s - Navy yleld
Thickness,
Mlaterial Plate modulus pressure | Diametor | Diameter
A (in) (kips’sq in.) | Longitudinal | Transverse | (bsqln) —me— | —og —
(kips/sq In.} | (kips/sq In.} (tbjsq in.) | (Ibfsq In.}
248-RT alclad aluminum alloy . - A 0. 0d32 10, 400 2.6 ' 52.0 g6 107 159
B - 0504 10, 400 5.8 0.5 23 74 120
c (408 10. 400 57.2 5.2 42 &z g1
178-RT aluminum alloy. .. ... .. D .0728 10, 300 555 4i6.6 la 9 191
| E L0058 10,300 5.0 as 1 119 157
F . 0625 10, 300 544 43.0 3 % 127
a L0453 10,300 9.4 458 6L 76 ]
H . 0387 10, 300 5.2 4168.6 54 .. o
I . G300 10, 300 5.1 440 8 18 -]
. J 0257 1G, 306 5.3 6.9 23 a8 5¢
K 0211 10, 300 2.9 482 28, 35 -]
178-T alumlnum alloy........... -L 0627 10, 500 50.2 417 8t 92 125
M . 0320 10, 400 45.5 379 F~] k7S 0
N 4L . (209 10, 500 453 «37.9 21 35 B . -
Aluminum slloy.........oc.ooo.. - g L0150 10, 500 M5 3L2 5 T 12
248-T aluminum alloy. ......... P . 0184 10, 500 3.1 48.0 216 a0 25.0
% .Q148 10, 500 5.8 461 20 a5 5.7
18 : 8 stalnlesssteel . __..._.___._. L0199 & 28, 000 177 . I61.0 3.0 34.0 380
EH magnesium alloy. ........... 8 411 6, 400 257 25.6 24 24 3t

& No transverse test was made for specimen N.
the =ame shipment of material.
b Average.

Variable from a Set of Its Mean Values. Res. Paper 1235,
Nat. Bur. of Standards Jour. Res., vol. 23, no. 2, Aug.
1939, pp. 309-317.
Tuckermen Strain Gage. A. S. T. M. Proc., vol. 37,
pt. IT, 1937, pp. 650-654.

Julius Springer (Berlin),
1925.

Platten mit verschwindender Biegungssteifigkeit. Z. f.
Math. u. Phys.; vol. 63, 1915, p. 311.

Van Nostrand Co., Inc., 1928,

mit grosser Ausbiegung. Forschung auf dem Gebiete
des Ingenieurwesens Ausg. B, Bd. 7, Heft 3, VDI-Yerlag
G. m. b. H. (Berlin), May/June 1936, pp. 148-151.

R. Oldenbourg (Munich), 2d ed., 1924.

Boobnov, Ivan G.: On the Stresses in a Ship’s Bottom
Plating Due to Water Pressure. Trans. Inst. Naval Arch.,
vol. XLIV, 1802, pp. 15-52.

N4dai, A.: Plasticity. McGraw-Hill Book Ca., Inc., 1940.

D.

Yan Nostrand Co., Ine., 1830, p. 511.

The value glven was arbitrarily taken the same as that for speelmen

M. which wax fn

‘RIGID CLAMPING

| TABLE 2—INDICES FOR DEVIATION FROM IDEAL

Relatlve Increase in center defleetion
Kirchhoff plate Membrane
wfh<<1 wk>>1 | Inktinf de-
Thick- . ficetlon
Plate Inesx, & unit
('t?-)?) Initial Rotation | Radial eon- | thickness,
tension, of . tractlon of wrih
cquation equation clamping
(1a) 2 rin “S -
(Airdires) 4 (AN i ad) 2 tion (3)
(Ao )
A 0. 0632 0.00 0. 6000 0. 0066 0.0
B .0504 —.14 . 0000 . 0052 —. 034
C .0408 —.13 0000 0043 —. 020
D Moy 13 0000 0078 .00L
E . 0658 ~.01 0000 . 0049 -
F 0525 —.03 . 6000 . 0055 —. 00
a . 0453 -2 . 0000 0048 —.009
H 0387 — . 0000 L0041 —.049
1 . 0300 a— 04 . 0000 . 0031 .043
J . 0257 —_1§ . 0000 L0027 —. 004
K .01 —, 08 . 0000 . 0022 . 109
L .0827 .00 . 0000 . 0068 -.001
Af .0320 s—, 20 .. 0000 . 0034 —. 450
N .0209 =00 . 0000 . 0022 -.07
1] 0130 = 50 . 0000 0015 —. 500
P QI8¢ - 0000 .00 —. 14
g L0149 32 . 0000 .o .038
.0199 — 48 0000 . 0057 . 136
8 L0411 01 . 0000 . 0026 083

= From comparison with Way at low pressures.



